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ABSTRACT: Over the last two decades many different n 9

auxiliary ligand systems have been utilized in the copper- = /NVLL\OH Ki;g:?{':::i/\'}?)
catalyzed Ullmann amination reaction. However, there has been E MeHN  NHMe ,H O (20mol %)

little consensus on the relative merits of the varied ligands and % : HIRR Ao e
the exact role they might play in the catalytic process. & CQ} ]er;f\cf;::' i 2;‘;’:{27:;"
Accordingly, in this work some of the most commonly 2 =N NS Z»’I”,‘(’)‘g‘” b o reported
employed auxiliary ligands have been evaluated for C—N = | e m) Analysis (RPKA)

coupling using reaction progress kinetic analysis (RPKA)

methodology. The results reveal not only the relative kinetic competencies of the different auxiliary ligands but also their
markedly different influences on catalyst degradation rates. For the model Ullmann reaction between piperidine and iodobenzene
using the soluble organic base bis(tetra-n-butylphosphonium) malonate (TBPM) at room temperature, N-methylglycine was
shown to give the best performance in terms of high catalytic rate of reaction and comparatively low catalyst deactivation rates.
Further experimental and rate data indicate a common catalytic cycle for all auxiliary ligands studied, although additional off-cycle
processes are observed for some of the ligands (notably phenanthroline). The ability of the auxiliary ligand, base (malonate
dianion), and substrate (amine) to all act competitively as ligands for the copper center is also demonstrated. On the basis of
these results an improved protocol for room-temperature copper-catalyzed C—N couplings is presented with 27 different
examples reported.

KEYWORDS: copper, Ullmann reaction, C=N bond coupling, amination, RPKA, organic bases, catalyst deactivation,
room temperature

1. INTRODUCTION The low cost and toxicity of copper coupled with the use of
cheap and readily available auxiliary ligands based on N and O
atoms makes it an attractive alternative to the otherwise
successful palladium-catalyzed Buchwald—Hartwig reac-
tion.'*™*" Historically, the mechanism of the Ullmann reaction
has been the subject of much debate, with often contradictory
interpretations of experimental and computational data in the
literature.”” > This lack of understanding has hindered the
development of more robust catalytic systems and the
improvement of existing systems.

However, recent studies have all pointed toward the copper
catalyst playing an important role in the activation of the aryl

The Ullmann C—N cross-coupling reaction dates back to the
early 1900s, where the use of stoichiometric amounts of copper
and high reaction temperatures allowed for the coupling of aryl
halides and amines.! However, there were several drawbacks to
this classical Ullmann reaction, where strong bases, long
reaction times, and electron-deficient aryl substrates were
required for the reaction to proceed. More recent develop-
ments include the use of bidentate ligands, such as 1,10-
phenanthroline (phen), which allowed the cross-coupling
reaction to be carried out catalytically under milder reaction

conditions (Scheme 1) Today, the modified Ullmann halide substrate,””*’ with spectroscopic evidence for an
reaction is an important component in the toolbox of a oxidative addition/reductive elimination pathway via a copper-
synthetic organic chemist and has been employed in the (I11) intermediate.”*~** Despite these advances the role of the
synthesis of numerous bioactive compounds, I;atélll’fl II;I‘OdUCtS; auxiliary ligand in the catalytic cycle remains relatively
and organic materials containing C—N bonds.” """~ unexplored, with ligand optimization studies predominately
based solely upon empirical final-yield figures, rather than any
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developed, taking into account catal??rst inhibition/deactivation
pathways and other reaction steps.””*° However, commonly
used inorganic bases in the Ullmann reaction such as K,COj;,
K;PO,, and Cs,COj; can obfuscate RPKA measurements due to
their poor solubility in the polar aprotic solvents commonly
used in this reaction."”*® This prevents the collection of
accurate kinetic data due to mass transfer effects of the base.
Therefore, kinetic studies on copper-mediated coupling
reactions have been limited in the past to reactions involving
low-pK, substrates such as the Goldberg reaction.”"** However,
we have recently shown that using soluble organic bases, such
as bis(tetra-n-butylphosphonium) malonate (TBPM), can
mitigate any base mass-transfer effects and thus enable the
collection of much more accurate kinetic data in these
systems.”** In addition, using TBPM gave excellent yields of
cross-coupled products at temperatures as low as 0 °C with aryl
iodides.””® Studies on the TBPM-promoted ligand-free
Ullmann reaction using the RPKA methodology carried out
previously in our group have allowed us to recently propose a
modified catalytic cycle (Scheme 2) and simplified steady-state
rate law (eq 1 in Scheme 2) for this reaction and to explore in
more depth possible catalyst deactivation pathways. First-order

Scheme 2. Proposed Reaction Mechanism for the Cu-
Catalyzed Cross Couplin§ Reaction between 1 and 2 under
Ligand-Free Conditions’
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kinetics were observed with respect to [1], [2], and [Cul,y
coupled with negative dependence on [TBPM].*® This negative
dependence on base was attributed to the formation of off-cycle
copper(l) species. The key role of the base in Ullmann and
Goldberg reactions and its ability to competitively bind to the
copper(I/III) metal center, has also been highlighted in recent
studies by Sharma®’ and Nguyen.**

In this work, we extend our studies on the mechanism of the
catalytic Ullmann reaction by kinetically profiling a wide range
of commonly used auxiliary ligands in the cross-coupling of
piperidine and iodobenzene using TBPM as the base. These
results allow us to move beyond just looking at product yields
and compare for the first time the influence of the auxiliary
ligand on the rate of reaction, rate dependence in substrates,
and catalyst deactivation/inhibition pathways.

2. RESULTS AND DISCUSSION

2.1. Ligand Screening. In continuation of our earlier work,
the reaction between piperidine (1) and iodobenzene (2) was
chosen as the model system for kinetic study. Vigorous air- and
moisture-free conditions were employed. Piperidine is of
particular interest, as it has been cited as one of the most
frequently used nitrogen heterocycles in U.S. FDA approved
drugs.”> Under auxiliary-ligand-free conditions, we observed
TBPM to give good reactivity (98% yield) at room temperature
relative to inorganic bases such as K,CO;, K;PO,, and Cs,CO;
(all <6% yield). This can be attributed to the solubility of and
dissociation of TBPM in DMSO at room temperature’ in
comparison to inorganic bases and the ability of the malonate
component of TBPM to serve as a ligand as well as a base.*
Initial screenings were carried out using a diverse range of
auxiliary ligands, many of which are taken from successful
Ullmann coupling protocols in the literature (Scheme 3).
Although Ma and co-workers have recently reported a series of
oxalic diamide ligands that can activate aryl bromides and
chloride substrates in the Ullmann reaction,**™*" these had to
be omitted from this study due to their very poor solubility in
DMSO at room temperature.

The rate of reaction was monitored for each auxiliary ligand
using reaction calorimetry. To verify that the calorimetric data
do correctly correlate with the progress of the reaction, a
sample reaction (using ethylene glycol, L14) was monitored
using 'H NMR spectroscopy and the product yield directly
compared against that determined using heat flow experiments.
Close agreement between heat flow and NMR conversions was
observed (see Figure 1).

The determined enthalpy of reaction AH,,, for all experi-
ments in this study was consistent within +5% (AH,,, = 170.5
+ 8.5 k] mol™"). Varying the initial substrate concentrations did
not influence the calculated enthalpy of reaction AH,,,. These
experiments therefore validate the use of reaction calorimetry as
a tool to study the ligand-promoted Ullmann reaction.

Complete (100%) conversion of iodobenzene was obtained
for all reactions. The yield of the desired cross-coupled product
3 in each case was in excess of 98% with approximately 2% yield
of benzene side product also observed. In no cases were any
aryl iodide to ligand couplings observed (even with ligands
containing NH functionalities). The benzene is most likely
formed from hydrodehalogenation of the iodobenzene, with
similar hydrodehalogenation side products already reported in
the literature for other copper(I)-catalyzed protocols.””*~**
Variation in the type of auxiliary ligand had no effect on the
amount of benzene formed, and the auxiliary ligand can thus be
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Scheme 3. Kinetic Studies on the Ullmann Amination
Reaction between 1 and 2 Using Various Auxiliary Ligands®
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Figure 1. Comparison between heat flow and '"H NMR conversions.

negligible relative to the C—N cross-coupling reaction and
can thus be ignored.

Heat flow vs time plots were collected using reaction
calorimetry in the presence of each auxiliary ligand as well as
under auxiliary-ligand-free conditions (Figure S2 in the
Supporting Information). These highlight the difference in
reactivity as seen by the variations in maximum heat flow. The
heat flow plots were processed to give the initial rate of reaction
for each studied auxiliary ligand (Scheme 3). Triphenylphos-
phine (L16) and the tetradentate Salen ligand (L17) were also
studied but furnished product yields of only 13 and 48%,
respectively; this led to large potential errors in their
calorimetrically determined reaction rates, and hence they
have not been included in Scheme 3.

Most of the auxiliary ligands studied gave a faster initial rate
of reaction relative to the auxiliary-ligand-free reaction.
However, L4 and L13 exhibited slower initial reaction rates
and L3, LS, L12, and L15 had no observable effect on the
reaction rate. Changing the ligand loadings of this latter set of
ligands also had no effect on the initial reaction rates (Figure S3
in the Supporting Information). These results reflect the
competitive nature of the binding of the auxiliary ligand and the
malonate dianion for copper(I), with the equilibrium sitting far
on the side of the malonate-coordinated species for L3, LS,
L12, and L1S.

Overall the ligand screening results show that auxiliary
ligands containing secondary amine functionalities give the best
reactivity. Tertiary amines are less active in promoting the
reaction, as can be seen from the comparisons of L1 with LS
and of L6 with L7. A key factor in these observations is likely to
be the steric bulk of the ligand.”® In addition, auxiliary ligands
with pyridine or alcohol/phenol functionalities display little or
no ligand-based acceleration effect. While some similar patterns
in ligand preferences have been reported in the litera-
ture,” '“*~* these have been based on final yield measure-
ments and as far as we are aware have not incorporated any
kinetic measurements.

2.2. Catalyst Deactivation. The collection of experimental
rate data continuously over the course of a reaction combined
with RPKA methods allows additional mechanistic insights over
and above the initial rate calculations to be made.””*" All
reactions reported herein were monitored in situ usin% reaction
calorimetry to produce “graphical rate equations”.””° Only
data between 20 and 80% conversions are displayed to limit any
inaccuracies as the limiting substrate (2) approaches zero and
to eliminate any heat transfer effects. Representative examples
of these plots are shown in Figure 2 (see the Supporting
Information for all plots over all conversion values). It is
immediately apparent that, in addition to differing initial rates,
the curvature of these plots varies. Plots of auxiliary ligands with
two NH groups (L1 and L2) have a higher curvature than the

DOI: 10.1021/acscatal.7b03664
ACS Catal. 2018, 8, 101-109


http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03664/suppl_file/cs7b03664_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03664/suppl_file/cs7b03664_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03664/suppl_file/cs7b03664_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03664/suppl_file/cs7b03664_si_001.pdf
http://dx.doi.org/10.1021/acscatal.7b03664

ACS Catalysis

Research Article

0.007
L6
2> 0.006
.g
£ 0.005 =12
2
o 0.004
s -L1
= 0.003
3
& 0.002 = Auxiliary ligand
& free
0.001
=14
0
0 0.02 004 0.06 0.08 0.1

21 (M)

Figure 2. Graphical rate equations for experiments using L1, L2, L4,
L6, and auxiliary-ligand-free reactions using the conditions shown in
Scheme 3.

other plots. Thus, although L2 exhibits an initial rate identical
with that of L6 (Scheme 3), this rate drops off far more quickly
as the reaction progresses. This is indicative of differences in
the mechanisms or the presence of alternative reaction
pathways such as catalyst deactivation or inhibition. In order
to probe these differences, information regarding catalyst
deactivation and the rate dependence in substrates was sought
through different and same excess experiments. For all
experiments reported herein, 1 is in excess while 2 is the
limiting substrate.

Same excess experiments were carried out in the presence of
ligands L1, L4, and L6 to determine if catalyst deactivation
occurs over the course of the reaction (Figure 3). These ligands
were chosen as they differed the most from the auxiliary-ligand-
free reaction, exhibiting either faster or slower reaction rates or,
in the case of L1, a different reaction profile. The same excess
experiment involved a reduction in [1]y, [2],, and [TBPM],,
while keeping their difference in concentration the same (i.e.,
[e] = 0.0500 M). This is equivalent to starting the same
reaction but at different starting points. Therefore, the lack of
overlap between the same excess experiment (orange, Figure 3)
and the standard experiment (blue, Figure 3) confirms that
catalyst deactivation or product inhibition does indeed occur.
Product inhibition was ruled out by carrying out an extra same
excess experiment involving the addition of product 3 and
byproducts 4 and $ into the reaction mixture (green, Figure 3).
Overlap between the second (green) and first (blue) same
excess experiment curves shows that any catalyst inhibition
caused by product coordination, solution conductivity changes
caused by the formation of tetra-n-butylphosphonium iodide, or
protonation of piperidine by monoanionic malonic acid are all
negligible in this reaction regardless of the ligand used. Thus,
catalyst decomposition is the most likely deactivation process.

The gap between the same excess experiment and the
standard experiment in Figure 3 is noticeably larger for L1 than
for L4, L6, and auxiliary-ligand-free reactions. At the arbitrary
value of [2] = 0.4 M, the reaction rate was 60% lower with L1
in comparison to 30% lower with L6 and 12% lower with L4.
Significantly increased catalyst deactivation is therefore
occurring in the presence of L1, while a reduction in catalyst
deactivation occurs with L4. On the basis of these studies, L6
would seem to provide the best balance with high rate of
reaction and comparatively low catalyst deactivation.

A multiple substrate addition protocol was carried out to
further verify the presence of catalyst deactivation: 0.1000 M of

104
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Figure 3. Graphical rate equations for experiments carried out using
the same excess protocol with L1 (top), L4 (middle), and L6
(bottom). See the Supporting Information for full plots.
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[1], and 0.0500 M of [2], in the presence of 10 mol % of
ligand (L1, L2, L4, or L6) was initiated with S mol % of Cul.
Once this first reaction had reached completion (i.e., negligible
heat flow was detected by the calorimeter), a further solution of
1 and 2 (0.500 mmol each in 200 uL of DMSQO) was added to
the reaction mixture to restart the reaction. A third reaction was
subsequently started once the second reaction had ended. If no
catalyst deactivation occurs, each subsequent reaction should be
marginally faster than the previous one owing to lower
[TBPM]. This is due to the negative dependence in [TBPM]
caused by the formation of off-cycle copper(I) dimalonate
species (Scheme 2) as determined previously.”> However, this
was not the case, as each subsequent reaction was significantly
slower than the previous one. An example of this with L1 is
shown in Figure 4 (for other ligands see Figure SS in the

Cul (5 mol %)

H L1 (10 mol %)
N |  TBPM (4 equiv.)
+ (0
DMSO
30°C
1 2 3
(0.1000 M) (0.0500 M)
~ 0.0025
.TE = 1st Reaction (Cul
g 0.002 addition)
=3
% 0.0015 =2nd Reaction
= (Addition of 1 and
2 0.001 2)
E 3rd Reaction
0.0005 (Addition of 1 and
2)
0
0 0.02 0.04 0.06
[2] (M)

Figure 4. Graphical rate equations for each sequential reaction with
L1

Supporting Information). Therefore, catalyst deactivation is
indeed occurring. The change in catalyst concentration due to
an increase in reaction volume is negligible, as it is much
smaller than the change in rate of reaction. Due to catalyst
deactivation, the third and final reaction gave only 75% yield of
3 for all four auxiliary ligands studied.

The stability of the prospective copper(I) intermediates in
the presence of these ligands was also investigated by addition
of the respective ligand to freshly prepared copper(I)
piperidide® in [D4]DMSO at room temperature under an
inert atmosphere. Thus, addition of L1 to copper(I) piperidide
resulted in total decomposition of the copper piperidide
complex within 2 h (determined using 'H NMR with
mesitylene as an internal standard). However, when L4 was
added (or under auxiliary-ligand-free conditions), less than 1%
complex decomposition was observed over a similar time
period. Finally, addition of L6 gave approximately 60%
copper(I) piperidide decomposition after 2 h. For each of
these above reactions, an equivalence of iodobenzene was
subsequently added to the resultant solution, and the mixture
was stirred for 24 h at 80 °C. Conversion to the C—N coupled
product 3 was determined using 'H NMR and found to be 0%

105

for L1 and L2, 15% for L4, and 43% for L6. These results are
consistent with the calorimetric data, showing L6 to confer the
best balance between high rate of reaction and low rate of
catalyst deactivation. The lack of any conversion at all for the
L1- and L2-treated samples suggests that catalyst deactivation
under these conditions is irreversible. However, a reversible
catalyst deactivation process cannot be ruled out under the
catalytic conditions and further studies are still required to
clarify the exact mechanism of catalyst deactivation.

2.3. Rate Dependence in Substrates. Rate dependence
in substrates was determined using RPKA methods for both L4
and L6. Reactions with these two auxiliary ligands both showed
reasonable catalyst stability (vide supra) and allowed
comparison between a ligand that gives a faster (L6) and
slower (L4) rate of reaction relative to that of the auxiliary-
ligand-free reaction. A series of different excess experiments
were carried out to determine the rate dependence of [1],
[2’]0) [TBPM]O) and [Cu]total'

Decreasing [2], from 0.1000 to 0.0500 M while keeping the
concentrations of other substrates and catalyst the same led to a
corresponding decrease in the reaction rate (Figure S; for full
plots refer to Figure S6 in the Supporting Information) in the
presence of either L4 and L6. Moderately good overlap
between the normalized rate equations when the reaction rate
was normalized by [2] is indicative of first-order dependence
with respect to [2] (Figure S). This is consistent with what was
observed with the auxiliary-ligand-free reaction.”

The rate dependence in [Cu],., was probed next. Lowering
[Culior from 10 to S mol % gave a corresponding decrease in
the reaction rate regardless of the auxiliary ligand used (Figure
6; for full plots refer to Figure S7 in the Supporting
Information). Normalized rate equations revealed a first-order
dependence in [Cu],, with either L4 or L6 (Figure 6).

Negative dependence in [TBPM] was observed in the
presence of both L4 and L6, with increasing [TBPM], leading
to slower reaction rates (Figure S8 in the Supporting
Information). Negative dependence in [TBPM] can be
attributed to the formation of off-cycle copper(I) dimalonate
species which in turn can undergo disproportionation to
copper(0) and copper(II) at room temperature even under
inert atmospheres (see Scheme 2).33°051

Positive noninteger dependence on [1] was observed using
the difference excess protocol with L4 or L6 (Figure S11 in the
Supporting Information). In comparison, a first-order depend-
ence on [1] was observed under ligand-free conditions.” This
can be rationalized by the presence of off-cycle equilibria
involving the auxiliary ligand (vide infra). However, reactions
involving a large excess of [1], move toward first order in [1]
with observed rate values that are independent of the auxiliary
ligand employed (see Figures S12 and S13 in the Supporting
Information). We believe this is due to displacement of the
auxiliary ligand at very high [1] to give an on-cycle
[Cu(CsH,,N)(CsH;(NH)] species. This behavior is indicative
of competitive ligand binding at the copper center.

Taken together, these different excess experiments with L4
or L6 showed that, at <0.3 M of [1],, [2], [TBPM], and
[Culoray all reaction components influence the reaction rate.
First-order dependence on [2] and [Culy., a positive
dependence on [1], and a negative dependence on [TBPM]
were observed.

2.4. Rate Dependence in Ligand. The effect of auxiliary
ligand loading on the initial rate of reaction for several of the
ligands is illustrated in Figure 7. The bar chart illustrates how
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Figure S. Normalized graphical rate equations indicating first order in
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the Supporting Information for full graphical rate plots.

positive dependence on L1, L2, and L6 was observed in the
range of 5—20 mol %.°*

Variation in L3 loadings did not influence the reaction rate,
which remained essentially identical with that of the auxiliary-
ligand-free reaction (Figure 7). This can be explained by the
presence of an excess of malonate dianion from the base which
acts competitively as a ligand for the copper center with L3,
with the equilibrium siting predominately on the side of the
malonate coordinated species.

Increasing L4 loadings led to a slower rate of reaction, which
can be attributed to its h1§her binding affinity toward copper(I)
(in comparison to L3),” combined with a tendency to form
the unreactive separated ion-pair complexes [Cu(L4),]"[Cu-
(piperidide),]™ as shown in section 2.5. The formation of such
an off-cycle species is already well-known for similar L4-ligated
Cu(I) species™***>**>* and explains the observed negative
dependence on L4 and slower rate of reaction in comparison to
the auxiliary-ligand-free system.

(2] (M)

Figure 6. Normalized graphical rate equations indicating first order in
[Cu]ora for L4 (top) and L6 (bottom). Full graphical rate plots are
available in the Supporting Information.
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Figure 7. Bar chart illustrating the reaction rate at different auxiliary
ligand loadings.

2.5. Catalyst Speciation with Auxiliary Ligand.
Attempts were made to study the catalyst speciation in the
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presence of auxiliary ligands L1, L2, L4, and L6. However, on
addition of L1, L2, or L6 to copper(I) complexes (piperidide,
iodide, or tert-butoxide) in [D4]DMSO, in all cases
decomposition of the resultant species was observed (to
copper(0) and copper(1l) salts) even under vigorous air- and
moisture-free conditions. However, similar studies with L4
proved more successful, giving stable complexes amenable to
characterization by '"H NMR spectroscopy.

Thus, a series of NMR experiments were carried out with L4
to probe the formation and stability of the potential ion-
separated species [Cu(L4),]*[Cu(piperidide),]”. Lithium bis-
(piperidido)cuprate(I) was prepared from copper(I) iodide and
lithium piperidide,”” and its '"H NMR spectrum directly
compared to that of a mixture of copper(I) piperidide and
L4 (1:1 ratio). In both cases, identical shifts were observed for
the piperidide resonances (Figure S16 in the Supporting
Information). Moreover, addition of L4 and piperidine to
[CuO'Bu], in THF gave a waxy red solid (see the Supporting
Information), which was analyzed by "H NMR spectroscopy in
[D¢]DMSO (Figure S16) to give once more an identical
spectrum, again supporting the formation of [Cu(L4),]"[Cu-
(piperidide),]” during the cross-coupling reaction. These
findings are consistent with previous literature reports for this
ligand 332435+

Addition of iodobenzene (2) to either lithium bis-
(piperidido)cuprate(I) or [Cu(L4),]*[Cu(piperidide),]” gave
no further reaction, and no N-phenylpiperidine (3) was
observed. This supports the notion that these ion-pair species
are unreactive in the Ullmann coupling reaction. In addition, all
these cuprate species were observed to be stable at room
temperature under inert atmospheres for approximately 2 days.

2.6. Aryl Halide Activation. The aryl halide activation step
was investigated using 2-(allyloxy)iodobenzene as a radical
probe to determine if radical intermediates are present under
the reaction conditions used in this study. The presence of
radical intermediates will cause the radical probe to undergo
rapid ring closure via a S-exo-trig process (k = 9.6 X 10° s™" in
DMSO), and the resulting methyl radical generated will
subsequently react with the nucleophile.”> However, in the
absence of such radical intermediates C—N bond formation
would be observed. The reaction between piperidine and the
radical probe with L1, L2, L4, or L6 gave only the C—N
coupled product (Scheme 4), suggesting that aryl halide

activation proceeds via oxidative addition/reductive elimination

Scheme 4. Reaction between 2-(Allyloxy)iodobenzene and
Piperidine in the Presence of L1, L2, L4, or L6 To
Determine if the Aryl Halide Activation Step Proceeds via
Radical Intermediates

=

O

Cul (5 mol %)
Ligand (10 mol %)
TBPM (2 equiv.)

éf@

observed
DMSO
30°C o
Ligand: L1, L2, L4 24h

and L6

not observed
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through a copper(I)/copper(IlI) mechanism. This is consistent
with previous work carried out by Hartwig et al.>*

2.7. Reaction Design toward Improved Performance.
One of the aims of this work is to allow a more systematic and
informed quality-by-design approach to catalyst and auxiliary
ligand selection in copper-catalyzed protocols. Hence, we
sought to apply our findings to room-temperature C—N
couplings using common inorganic bases which are currently
very challenging with existing systems.

Initially several inorganic bases were tested for the cross-
coupling of a model system (benzylamine and iodobenzene),
and K;PO, was shown to give excellent yields using a higher
catalyst loading of 10% (Table S1 in the Supporting
Information). Although TBPM is a significantly superior base
under these conditions, it was thought that its lack of
commercial availability would make it less attractive to the
academic and industrial communities at present. Unfortunately,
we have been unable to carry out a full kinetic evaluation of the
reaction using K;PO, due to mass transfer effects of the base.
However, auxiliary ligand screening showed a good correlation
between the achieved product yield with K;PO, (Table S2 in
the Supporting Information) and the observed reaction rates
with TBPM (section 2.1). In addition, mechanisms equivalent
to Scheme 2 have been proposed for Ullmann couplings
employing K;PO,, and recent studies have shown that
phosphonate ions can act as both a ligand and a base in the
catalytic cycle (thus being analogous to the observed behavior
of the malonate anion in TBPM).***’

On the basis of the RPKA results N-methylglycine (L6) was
chosen as the auxiliary ligand, showing the best balance
between fast initial rate of reaction and low levels of catalyst
deactivation. A slight excess of amine (1.5 equiv) was employed
to drive the reaction forward to the catalyst resting state
(LCuNR,) and prevent catalyst deactivation (Scheme 2).”’

The reaction scope was extended to a variety of amines and
aryl iodides: 27 examples in total (Table 1). The product yields
obtained all compare favorably with those of room-temperature
copper(I) protocols (where known''*®). Most substrate
combinations gave high yields (75%+), although electron-
deficient (11g—i) and sterically bulky (11jk) amines gave
poorer conversions. In addition, ortho-substituted aryl iodides
(11u—x) gave no or little conversion, showing that the system
is highly sensitive to steric bulk at this position. In no case was
any coupling of the N-methylglycine with the aryl iodide
observed.

Given the mildness of the reaction conditions and its
efficiency, the reaction was also carried out on a larger scale to
test its scalability. No significant effects on the product yields
were observed on scale-up (10 mmol scale): 85% yield for 11a
and 70% for 11b.

3. CONCLUSIONS

An evaluation of some of the most commonly employed
auxiliary ligands for application in the copper(I)-catalyzed
Ullmann amination reaction has been undertaken. The model
reaction between piperidine and iodobenzene in the presence
of the soluble organic base bis(tetra-n-butylphosphonium)
malonate (TBPM) has been adopted due to its high
performance at room temperature and the absence of any
mass transfer effects of the base. Kinetic studies using reaction
calorimetry and RPKA methodology have revealed the relative
catalytic reaction rates for each of these ligand systems as well
as their different influences on catalyst deactivation. The rates
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Table 1. Coupling Reaction between Amines and Aryl
Iodides with K;PO, and L6“

Cul (10 mol %)
L6 (20 mol %)

HNRR' + Al —3P0a@equiv) ) ype
DMSO
RT 11
24h
11a: 98 % O [ j Y /
11b: 81 % e 11d: 85 %
11¢c: 75 %

a, A, A,
@ " O

R 11i:0%  11j: trace

11f: R =H (87 %)
11g:R=F (11 %)
11h: R=CN (0 %)

NHBn R
/©/ 11r. R = OMe (70 %)
11s. R = CF5 (83 %)

11t. R = CN (72 %)

11e:92 %
NHBn

11k. 15% 111. R =Me (95 %)
11m. R = CN (98 %) NHBn
11n. R = CO,Me (83 %)
110. R = OMe (79 %)
11p. R = NO, (92 %) R
119. R=F (84 %)  11u. R = Me (trace)
11v. R = OMe (trace)
11w. R = F (trace)
OMe NHBn
NHBn N
OMe R/©
0,
1x.0% My-71%  11z.R=CN (66 %)

11aa. R = OMe (80 %)

“Reaction conditions: HNRR' (1.5 mmol), Arl (1 mmol), Cul (0.1
mmol), N-methylglycine (0.2 mmol), K;PO, (2 mmol), DMSO (1
mL). Isolated yields are reported.

of catalyst deactivation in particular are reported to vary
considerably among the different auxiliary ligands. Together
these data provide a much better insight into the relative merits
of the different ligands in comparison to the final yield
measurements which are usually cited.

Further kinetic, spectroscopic, and experimental studies
strongly suggest that the on-cycle mechanism of C—N bond
formation (namely, coordination of the amine to the copper(I),
deprotonation of the amine, oxidative addition of the aryl
iodide, and finally reductive elimination) is consistent across all
auxiliary ligand systems. However, additional off-cycle processes
have been observed for some auxiliary ligands, most notably
phenanthroline (L4), which readily forms a very stable but
dormant diionic species. In addition, kinetic rate experiments
reveal the ability of the auxiliary ligand, base (malonate

dianion), and substrate (amine) to all act competitively as
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ligands for the copper center. This adds significantly to the
complexity of these systems, making optimization and
modeling all the more challenging.

Nevertheless, on the basis of our studies N-methylglycine
(L6) was identified to possess the best balance of high catalytic
reaction rates and low catalyst deactivation for room-temper-
ature C—N couplings. Hence, a new and efficient room-
temperature Ullmann amination reaction system was designed
where the combination of K;PO, and N-methylglycine (L6)
gave excellent reactivity with high room-temperature yields
reported for a variety of amines and aryl iodides (27 examples
in total). We are currently using a similar methodology to
explore other copper-catalyzed aminations involving more
challenging substrates with lower catalyst and auxiliary ligand
loadings.
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